ABSTRACT.-We examined the effect of geographic isolation on morphology, genetic structure, and abundance of the Sooty-capped Bush Tanager (Chlorospingus pileatus), an endemic species restricted to highlands of Costa Rica and western Panama. Abundance and morphology were measured at five study sites and genetic variation was calculated from three microsatellite loci. We expected geographic discontinuities in this species' distribution to have an effect on its morphology and genetic structure. Genetic variation was higher within than between populations with no effect of geographic barriers on population genetic divergence in this species, indicating gene flow is high between populations. Unique alleles were detected in each population and F st values increased with geographic distance between populations. Some morphological traits differed between populations, which may be caused by adaptation to different selective pressures in each population. Molecular data did not differ between the two color morphs that coexist in two isolated populations, which were considered different species.
Highland endemic avian species in the mountains of Costa Rica and western Panama currently show naturally isolated and discontinuous distributions, reflecting their confinement to mountain peaks and their isolation from other highland regions in the Neotropics (Stiles 1983; Barrantes 2000 Barrantes , 2009 . Morphological and molecular divergence documented for some of these endemic highland species in Costa Rica correspond to this natural isolation (Stiles 1983 , Barrantes 2000 , Barrantes and Sánchez 2000 . For example, isolated populations of the Volcano Hummingbird (Selasphorus flammula) and Fiery-throated Hummingbird (Panterpe insignis) differ in coloration and morphological dimensions (Stiles 1983 (Stiles , 1985 . Similarly, geographic barriers have affected the genetic and morphological divergence among populations of the Black-and-yellow Phainoptila (Phainoptila melanoxantha) (Barrantes 2000, Barrantes and Sánchez 2000) .
The Sooty-capped Bush Tanager (Chlorospingus pileatus) is endemic to the highlands of Costa Rica and western Panama. This species is naturally restricted to the summit of high mountains and primarily inhabits forest edges and open areas in the cloud forest and páramo. Sootycapped Bush Tanagers forage in flocks of 5-20 individuals, often accompanied by other small birds (Powell 1985, Stiles and Skutch 1989) . A grayish-green morph of Sooty-capped Bush Tanager (lighter morph) coexists on two high volcanoes (Irazú and Turrialba) of central Costa Rica with the darker and more widely distributed morph. The grayish-green morph was first considered a different species (Zeledon's Chlorospingus, Chlorospingus zeldoni) by Ridgway (1905) , and Eisenmann (1955) and Slud (1964) continued C. zeledoni as a different species. However, Carriker (1910) suggested that C. zeledoni was a color morph of Sooty-capped Bush Tanager. Johnson and Brush (1972) analyzed the structure and pigment composition of feathers of both taxa and concluded C. zeledoni was a morph of Sooty-capped Bush Tanager. However, no further investigations have been conducted to test this hypothesis (e.g., using molecular data).
We used molecular data to analyze the effect of isolation (i.e., distance and barriers between populations) on genetic structure and morphology of the Sooty-capped Bush Tanager. We specifically hypothesized that small populations isolated by effective geographical barriers have a notable reduction in genetic variation. In addition, we searched for genetic differences between the two color morphs on Irazú Volcano. To our knowledge, this is the first fine-scale genetic analysis, using microsatellites of an avian species endemic to the isolated highland regions of Costa Rica and western Panamá. Most species in this hotspot of diversity and endemism are restricted to a reduced portion of the highland forests and have low abundance (Jankowski and Rabenold 2007, Barrantes 2009 (Fig. 1) .
We censused birds 4-7 times in each of the sites to account for possible fluctuations due to climatic conditions. Censuses started at 0545 hrs and all individuals heard and seen within 25 m of each side of the transect were recorded. Length of transects varied from 1.9 to 3.0 km among sites. Thus, abundance was expressed as individuals/km to allow comparison among sites. We used abundance categories based on mean values across censuses for each site. Categories were defined as very common (.20 individuals observed/census), common (10-19 individuals/ census), uncommon (5-9 individuals/census), and rare (,5 individuals/census). We calculated the area of the potential available habitat for Sootycapped Bush Tanagers on each mountain range using Geographical Information Software (ArcView GIS 3.3) on a digital elevation map of Costa Rica (1:200,000; Lambert conformal con-ical projection) (Fig. 1) . This area was estimated from the lower limit of the altitudinal distribution of Sooty-capped Bush Tanager to the summit of the mountains in each mountain range.
We set 5-8 mist nets (12 m long) during each visit to a study site. The following measurements were taken for each individual captured: body mass, length of the beak from distal end of nares to the beak tip, width of the beak at front of nares, length of the culmen from the front of the skull to the beak tip, tarsus from the tibiotarsus joint to the distal end of the tarsometatarsus, flattened wing cord, and tail length. These morphological traits were chosen as they are expected to respond adaptively to ecological differences in habitat (Grant 1986, Price and Boag 1987) and were taken by the same person (GB). Birds were banded (plastic bands) to avoid re-measuring the same individuals. Morphological data were first analyzed using a stepwise (forward) discriminant function analysis (DFA). This option excludes those variables that have no further effect in explaining the between-population variance. We used a MANOVA on those variables included in the DFA. Statistical analyses were performed in Statistica Version 6.0 (StatSoft Inc., Tulsa, OK, USA).
Laboratory Procedures.-DNA was extracted from liver tissue of 56 individuals that had been obtained in previous years and maintained in the tissue collection at the Zoology Museum at the University of Costa Rica. We collected blood samples from five additional individuals for a total of 61 individuals (14 from Cerro de la Muerte, 9 from Irazú Volcano, 18 from Barva Volcano, 11 from Poás Volcano, and 9 from Monteverde). Tissue samples were preserved in 95% alcohol and stored at 220u C until DNA extraction. DNA was extracted using a commercial extraction kit for animal tissue and blood (Promega, Madison, WI, USA) following the specifications provided by the manufacturer.
Genotypes of the 61 individuals were obtained using three microsatellite loci (Escm1, Escm4, and Escm6; Hanotte et al. 1994 ) isolated from the related species Emberiza schoeniclus (Yuri and Mindell 2002) . The three microsatellites used were the most polymorphic for E. schoeniclus. Microsatellites were amplified using an Eppendorf Mastercycler thermocycler in a volume of 25 mL (12.5 mL of PCR Master Mix 23 PROMEGA, 2.5 mL [10 mm] of each primer, 5 mL of DNA, and 2.5 mL H 2 O) following protocols for each locus as described in Hanotte et al. (1994) . Genotypes were obtained using an automatic sequencer (ABI Prism 310, Applied Biosystems, Palo Alto, CA, USA). Alleles were sized using program GENOTYPER (3.7NT, Applied Biosystems, Palo Alto, CA, USA).
We counted the number of alleles per locus and calculated their frequencies in each population. We tested deviations of these alleles from HardyWeinberg equilibrium with a Chi-square test using program GENALEX 6 (Peakall and Smouse 2006); sequential Bonferroni correction was applied due to performance of multiple simultaneous tests (Rice 1989) . The observed (Ho) and expected (He) heterozygosity per locus in each population were calculated using program ARLE-QUÍN Version 3.1 (Schneider et al. 2000 , Excoffier et al. 2005 ). An analysis of molecular variance (AMOVA) was used to assess population structure with 30,000 permutations to infer significance of F st values (Weir and Cockerham 1984) . AMOVA calculations were conducted using ARLEQUÍN Version 3.1 (http://cmpg. unibe.ch/software/arlequin3). We also checked all loci for the presence of null alleles (Chakraborty et al. 1992 , Brookfield 1996 using MicroChecker Version 2.2.3 (University of Hull, Hull, UK; http://www.microchecker.hull.ac.uk/; van Oosterhout et al. 2004 ). All loci were tested based on a dinucleotide repeat motif and 1,000 permutations.
We further examined population structure and admixture using a model-based clustering method as implemented in the Bayesian clustering program STRUCTURE (Pritchard et al. 2000 , Falush et al. 2003 . We inferred population structure using a model which allowed for admixture and correlated allele frequencies. Each Monte Carlo Markov Chain used to infer population structure was based on 1,000,000 iterations and a burn-in of 100,000. Multiple runs were conducted changing the number of putative populations (K) between one and five. At least three independent runs were assessed to estimate the likelihood of the data and the posterior probabilities for each fixed number of populations (K).
We calculated genetic distances between populations using two parameters: Nei's (Dm) genetic distance and F st (Nei 1987, Nei and Kumar 2000) . We correlated genetic distances (F st values) with geographic distances (km) using a Mantel test and examined whether area of habitat available for each population correlated with allele number and/or genetic distance (Dm) using ARLEQUÍN.
RESULTS
Null Alleles.-We found no evidence of null alleles on the first two loci (Escm1 and Escm4) with combined probability for all cases of P . 0.05. The third locus (Escm6) showed a significant homozygote excess congruent with the presence of null alleles (P , 0.001). No evidence of scoring errors or allele drop-out was found for any loci. Observed allele frequencies for the third locus only deviated slightly (at 0.01 level) from frequencies estimated considering the presence of null alleles. AMOVA analyses were performed twice using only Escm1 and Escm4 loci, and using all three loci. Results were similar with small deviations at the 0.001 level. Thus, we used all three loci for further analysis.
Genetic Variation and Population Structure.-Microsatellite loci were highly polymorphic within each population relative to the number of genotyped individuals (Table 1) . Allele number in any locus ranged from seven to 18 across populations. The Barva Volcano population had the highest average number (6 SD) of alleles (9.33 6 0.66), while Monteverde had the lowest (5.67 6 0.66; Table 2 ). All populations had unique alleles, although number of these alleles varied across populations: four in Barva, three in Cerro de la Muerte and Monteverde, and two in Irazú and Poás populations (Table 1) All populations had high levels of genetic diversity based on observed heterozygosity, which did not deviate significantly from expected heterozygosity in all populations (Table 2) . Genetic variation was higher within populations than between populations; 98% of the total variance was distributed within populations and only 2% among populations (Q st 5 0.0153; P . 0.17). These results are consistent with high levels of gene flow among populations. Genetic structure estimates among populations were similar if the third locus was removed due to the likelihood of null alleles (Q st 5 0.0154; P . 0.18). Similarly, analyses using STRUCTURE showed no evidence of significant population structure. The highest likelihood was obtained when the number of populations was set to one (K 5 1), which suggests complete admixture.
Pairwise F st values ranged from 0.04 between Barva and Poás to 0.09 between Irazú and Monteverde (Table 3) . F st values and geographic distances were not significantly correlated (Mantel test, r 5 0.49, P 5 0.09); similar results were obtained using a simple linear correlation.
We did not detect any genotypic difference between three individuals of the grayish-green morph and six individuals of the darker morph in the Irazú population. Both color morphs shared some genotypes.
Morphological Variation.-We captured 72 individual Sooty-capped Bush Tanagers; 24 at Cerro de la Muerte (Estación Biológica Cerro de la Muerte), 11 at Irazú, 18 at Barva, 10 at Poás, and nine at Monteverde. Culmen length, wing cord, tail length, beak width, and body mass differed among populations (DFA: F 20,168 5 2.63, P 5 0.0003). The Monteverde population had the shortest culmen and wing length and the widest beak; the Irazú population had the longest tail (Wilks' lambda 5 0.64, df 5 16/174, P 5 0.04; Table 4 ).
Population Size and Habitat Area.-Sootycapped Bush Tanagers were very common (.20 individuals/census, corrected by distance) at Barva and Poás, and common at other sites (10-19 individuals/census). The highland habitat available for Sooty-capped Bush Tanagers decreased from the Talamanca Mountain Range to the Tilarán Mountain Range. The Talamanca Mountain Range has 80.8% of the total natural highland habitat potentially available for this species (293,135 ha), while the Central Mountain Range has 17% and the Tilarán Mountain Range has 3%. Area of available habitat was not correlated with number of alleles (r 5 0.53, n 5 5, P 5 0.16) nor with genetic distance (Nei's) (r 5 0.62, n 5 5, P 5 0.11) in Sooty-capped Bush Tanager populations.
DISCUSSION
All populations of the Sooty-capped Bush Tanager had high genetic variation as indicated by genetic diversity indices and number of alleles per locus. The genetic diversity within populations of Sooty-capped Bush Tanager is unexpectedly high for an endemic species with a small and naturally fragmented geographical distribution (Tables 1, 2) . Within-population genetic variation is expected to be small compared to betweenpopulation variation in species with small ranges and fragmented distributions, mainly due to genetic drift or founder effects and small effective population size (Peterson et al. 1992 , Avise 1994 . The absence of genetic structure among populations of Sooty-capped Bush Tanagers indicates gene flow may be relatively high among populations, counteracting the effects of genetic drift, small effective population size, and local adaptation even in small populations (Avise 1994) . However, time since population isolation may have also affected the near absence of genetic structure in this endemic species. Populations are expected to retain most of their original genetic composition (Templeton et al. 1995) if isolation is relatively recent, as it has been hypothesized for Costa Rican highland endemic species (Stiles 1983 , Barrantes and Sánchez 2000 , Weir 2006 , Barrantes 2009 ), There were some genetic and morphological differences across populations of the Sootycapped Bush Tanager. For example, the presence of unique alleles in each population indicates that processes of random drift, inbreeding, and perhaps local adaptation are causing the genetic differences among populations. Genetic difference between populations (F st values) tend to increase with geographic distance (P 5 0.09) suggesting some limitation in dispersal. However, gene flow among populations likely dilutes the effect of these processes. Schwartz et al. (1986) indicated that gene flow rates as low as one migrant per generation are generally effective to prevent loss of genetic variation from habitat fragmentation.
Morphology differed among some Sootycapped Bush Tanager populations. Morphological differences may be caused by different abiotic and biotic pressures operating on different populations. For example, the habitat of the Sootycapped Bush Tanager in Monteverde is exposed to relatively intense trade winds year round (Clark et al. 2000) . Birds in this population had shorter wings (Table 4) , which are more efficient at maneuvering under strong wind conditions (Pennycuick 1968 , Thomas 1996 , Marguerie et al. 2007 ). There is no clear explanation for differences in other morphological traits (e.g., culmen, tail, and beak width), as fruit species and habitat structure appear similar across localities (Barrantes and Loiselle 2002). Morphological divergence between populations has been reported for other endemic birds in the highlands of Costa Rica TABLE 2. Number of individuals (n), allele number (Na), observed heterozygosity (Ho), and expected heterozygosity (He) calculated for each locus in five populations of Sooty-capped Bush Tanager in Costa Rica. (Stiles 1983 (Stiles , 1985 Barrantes and Sánchez 2000) , indicating rapid morphological divergence among populations, if recent population fragmentation is assumed (Stiles 1983 (Stiles , 1985 Barrantes and Sánchez 2000; Barrantes 2009 ). The lack of concordance between morphology and genetics in this study is possibly caused, at least in part, by the intrinsic characteristics of the microsatellites. These genetic markers are neutral (or nearly so) whereas morphological traits are frequently under strong selective pressures (Zwartjes 2003 , Santiago-Alarcon et al. 2006 , and changes in traits presumed to be under selection often do not correlate with variation of microsatellites (Phillimore et al. 2008) or mitochondrial DNA markers (McCormack et al. 2008 , Weir et al. 2008 . We found no genetic differences between the two color morphs in the Irazú population. Genotypes vary among individuals of each morph and some genotypes are shared with individuals of the other morph. Our findings support the hypothesis of Carriker (1910) and Johnson and Brush (1972) , who suggested that differences in coloration reflect two morphs of the same species. We found individuals of the grayish-green morph vary greatly in coloration. All grayish-green birds also had yellow nasal tufts, and one had one yellow secondary feather in its right wing (GB, unpubl. data) . Evidence that helps explain this polymorphism is elusive. Birds of both morphs use the same habitat, forage together, and apparently mate with each other (Johnson and Brush 1972; GB, unpubl. data) . Johnson and Brush (1972) suggested that brighter coloration of grayish-green individuals is favored during periods of high volcanic activity when ash in the atmosphere reduces visibility. However, information on abundance of each morph during high and low volcanic activity periods is needed to test this hypothesis. This polymorphism may have evolved recently by assortative mating with some reproductive barriers, but its detection only would be possible with detailed genetic and behavior studies (Yeh 2004 , McGlothlin et al. 2005 .
The geographic distribution of the Sootycapped Bush Tanager on only three mountain ranges, the number of naturally isolated populations (n 5 5), as well as the low number of alleles analyzed (n 5 3) imposed some restrictions on analyses and limited the statistical power of some results. For example, the low number of microsatellite loci limited use of more detailed analyses to quantify gene flow. Similarly, lack of significant correlation between geographic and pairwise genetic differences was likely caused by the small number of isolated populations. In addition, we did not survey Sooty-capped Bush Tanagers in western Panamá where the Fortuna Mountain Pass may limit bird movement across this geographic discontinuity, affecting the scope of our findings.
The geographic discontinuities that separate populations of Sooty-capped Bush Tanagers as well as the area of available habitat appear to have had little effect in shaping the genetic structure of this endemic species. The presence of divergent morphologies and color morphs in some populations and unique alleles in all populations of Sooty-capped Bush Tanager suggest some isolation and/or local adaptation of populations (Stiles 1983 (Stiles , 1985 Barrantes and Sánchez 2000) . This 15.88 6 1.15 69.5 6 2.51 61.93 6 2.09 23.68 6 0.90 6.36 6 0.38 6.36 6 0.38 20.37 6 2.57 Monteverde 13.58 6 2.71 68.1 6 4.35 55.57 6 3.69 23.14 6 1.15 6.43 6 0.77 6.43 6 0.77 17.65 6 1.67 system of geographically isolated populations deserves special conservation attention, because it presents a unique opportunity to further study incipient causes of population divergence in an area of high endemism.
